Rotavirus diarrhea is a major cause of infantile gastroenteritis worldwide. This review is mainly devoted to the effects of Rotavirus on intestinal epithelial transport and to the pathophysiological mechanisms proposed to underlie the intestinal fluid secretion caused by the virus. © 2001 Éditions scientifiques et médicales Elsevier SAS Rotavirus / intestine / diarrhea
Introduction
Acute diarrheal diseases are still a major health problem throughout the world, causing 25-30% of all deaths among children younger than 5 years of age in developing countries [1] . Diarrheal diseases are also of public health importance in developed countries and are associated with considerable morbidity and a substantial number of hospitalizations among children and the elderly. Acute diarrhea can be caused by many different agents including parasites, bacteria and viruses; the latter of which have been given significant attention in recent years. This review is devoted to Rotavirus-induced enteric infection, and in particular, to the pathophysiological mechanisms proposed to underlie the intestinal fluid secretion caused by the virus.
General characteristics of Rotavirus and Rotavirus enteric infections
Rotavirus is the leading cause of infantile gastroenteritis worldwide and is responsible for approximately 20% of diarrhea-associated deaths in children under 5 years of age [2] . Rotaviruses were first identified in humans in1973 when characteristic particles were observed in the cytoplasm of duodenal epithelial cells obtained from young children admitted to the hospital for treatment of acute diarrhea [3] . While Rotavirus infections are universal and occur regardless of socioeconomic status or environmental conditions, the outcome and consequences of the disease differ significantly between developed and developing countries.
General features of Rotavirus
Rotaviruses are members of the Reoviridae family and are characterized by their segmented (11 segments) double-stranded RNA genome. Each of the 11 genes codes for a single gene product. Six of the proteins are found in the virus particle (vp1, vp2, vp3, vp4, vp6 and vp7), whereas the remaining five proteins are non-structural (NDP1-NSP5). Rotavirus is classified into serogroups A-E based on antigenic properties. Only groups A-C have been shown to infect humans and most human Rotavirus disease is caused by group A Rotavirus. The group A Rotavirus are further classified into G (serotypes) and P types based on identification of antigens on the outer capsid proteins. Of the 14 serotypes (G-types) that have been identified in various species, nine have been recognized in humans, and of these, four serotypes (1) (2) (3) (4) are dominant globally.
Several of the Rotavirus genes have been associated with their ability to cause disease [4] . The non-structural proteins NSP1, NSP2 and NSP4 are believed to be involved in virulence in mice [5, 6] and the structural proteins vp3 and vp7 in pigs [7, 8] . Finally, the structural protein vp4 is involved in a number of in vitro properties, including restriction of growth in cell culture, protease-enhanced infectivity and plaque formation and binding to cells. In addition, vp4 has been shown to be involved in virulence and pathogenicity in mice.
based on the fact that infectious Rotavirus is endocytosed into the cytoplasm with a very low Ca 2+ concentration that leads to a Ca 2+ afflux from the vesicles to the cytoplasm. Once the endosome Ca 2+ concentration equilibrates with the cytoplasm, below the critical level for stability of the outer capsid, the virus loses its outer proteins and then lyses with the vesicle membrane, permitting the virus to escape to the cytoplasm [14] .
Humoral and cell-mediated immune responses to Rotavirus
A symptomatic infection with Rotavirus stimulates a strong humoral IgG immune response which lasts for the lifetime. While the IgG responses are easily recorded, it is generally thought that protection from Rotavirus disease is mediated by local IgA antibodies. Several studies have shown that local IgA is important or at least a good predictor of protection [15] . Two proteins on Rotavirus, vp4 and vp7, are thought to play a critical role in mounting a protective immune response. Both proteins are constituents of the outer capsid and have been found, independently of each other, to stimulate production of neutralizing antibodies. Children infected with a particular serotype of Rotavirus are more likely to be protected against challenge with the same serotype than against re-infection with a different serotype. However, heterotypic protection is operating, as has been found in several studies. There are several possible explanations for this. One is that local IgA antibodies recognize cross-reacting epitopes on vp4 and vp7, another is that antibodies to the inner capsid protein vp6 can modulate protection, and a third possibility is that cross-reacting virus-specific cytotoxic T lymphocytes (CTLs) participate in protection. The role of CTLs in Rotavirus infections is, however, not yet established.
Age range of human infections
Rotavirus infections may occur repeatedly in humans from birth to old age. Neonatal infections appear to be nosocomial in origin, because they are rarely seen in babies born at home or at village health centers. Serological surveys imply that most children have experienced a Rotavirus infection by 24 months of age. Contrasting with the capacity of Rotavirus to cause infection at any age, the clinical consequences of infection appear to be strongly influenced by age. For example most neonatal infections are asymptomatic or produce only mild symptoms. The relative resistance to clinical symptoms that is observed in older children and adults is not likely to be due to agealtered physiological status, as in certain small animals, but more likely due to active immunity, reinforced by repeated infections throughout life. Rotavirus gastroenteritis in adults has been well documented from several countries and even deaths have been reported [16] .
Pathophysiology of Rotavirus-induced diarrhea

Histological changes evoked by Rotavirus infection
A large number of investigators have studied the histological changes that take place in the intestine following Rotavirus infection. In most cases these studies have involved naturally and experimentally infected animals. Here a brief survey of the literature will be given. For more detailed reviews of the literature, the reader is referred to reference [17] .
In colostrum-deprived calves, Rotavirus infection leads to a change in the villus epithelium from columnar to cuboidal, and villi became stunted and shortened. Changes occur within 24 h of infection and are most pronounced in the proximal small intestine. Inflammation is virtually absent. Strains causing less illness were characterized by milder histological changes [18] . These histological changes are not limited to calves with symptomatic response; in fact asymptomatically infected calves show villus blunting too [19] . In pigs, the macroscopic changes include thinning of the intestinal wall, and microscopic changes include villus atrophy, villus blunting and conversion to a cuboidal epithelium. As with bovine Rotavirus, porcine rotaviruses have been shown to differ somewhat in their ability to cause histologic lesions [20] . The SDSV strain of porcine Rotavirus causes more severe villus atrophy than the OSU strain, but the two strains produce similar clinical symptoms. Finally, rabbits infected experimentally with Rotavirus show normal histology in the face of marked changes in glucose and leucine uptake [21] . These observations once again underline that there is no absolute correlation between histological lesions and clinical symptoms.
While Rotavirus infections have been studied more extensively in mice than in any other species, the model has one disadvantage: the restriction of illness to the first 2 weeks of life. The pathology of murine Rotavirus is generally similar to that of lambs, pigs and calves, but differs in certain aspects. Within 24 h after infection with murine Rotavirus, mouse intestinal enterocytes appear swollen and vacuolated. Infection and histologic changes are concentrated to the upper small intestine. Vacuolation of enterocytes is most prominent on the villus tip, but can occur in enterocytes throughout the villus. The vacuolation is more extensive in mice than in other species. Unlike other species, the villus blunting is limited and very transient in mice, despite clinical signs of diarrhea. The lack of extensive pathologic changes found in the mouse intestine and the observation that many enterocytes appear vacuolated but do not show evidence of replication led Osborne and coworkers [22] to propose that in mice, fluid loss in diarrhea is secondary to a local villus ischemia, as discussed in more detail below.
In contrast to animal studies, there are few pathology studies of the jejunal mucosa of infants infected with Rotavirus. Studies of biopsies have revealed shortening and atrophy of villi, distended endoplasmic reticulum, mononuclear cell infiltration, mitochondrial swelling and denudation of microvilli [21, 23] .
Fluid and electrolyte transport in virus enteritis
Most of the studies of the effects of viral enteritis on fluid, sodium and chloride transport across the intestinal epithelium have been performed using viruses other than Rotavirus, not seldom a Coronavirus. It should be underlined that Coronavirus often causes a much more pro Review Lundgren and Svensson nounced villus blunting than Rotavirus strains [17] . Furthermore, one type of Coronavirus used in one and the same laboratory may, for unknown reasons, apparently evoke varying morphological and pathophysiological responses in different experimental series (compare, e.g., references [24] and [25] ). This variation in response makes it difficult to draw general conclusions from the reported observations. There are surprisingly few in vivo studies of virus diarrhea in anesthetized animals. When the fluid perfusing the intestine contained glucose, Coronavirus inoculation turned a net uptake of sodium, chloride and water into net secretion. Unidirectional determinations of sodium using 22 Na revealed that the altered sodium transport was, as expected, caused both by a decreased lumen-to-tissue flux and by an increased tissue-to-lumen flux [25] . When no glucose was present in the intestinal lumen of newborn pigs, a net secretion of water and sodium ions was observed in control animals. Infecting these pigs with Coronavirus did not significantly change net water and sodium transport compared with animals not inoculated with virus [26] .
A time sequence study of Rotavirus enteritis in rats was performed by Salim et al. [27] in vivo. In contrast to the pig experiments summarized above, a net fluid and sodium uptake was observed in the control rats when perfusing the intestinal lumen with an isotonic electrolyte solution devoid of glucose. Net fluid secretion and a significantly decreased net sodium uptake peaked 24 h after virus inoculation. Concomitantly, villus height had decreased to onethird of control, whereas crypt depth was unaltered. Similarly, Starkey et al. [28] investigated epithelial transport of murine intestines in vitro at different times after inoculation with Rotavirus. The intestinal segments were perfused with an isotonic electrolyte solution containing mannitol in an organ bath. A significant secretion of fluid, sodium and chloride ions was only seen at 72 h postinoculation, a time at which the clinical signs of diarrhea in awake mice was most pronounced [29] . In line with this, Lundgren et al. [30] showed with a similar technique that 48-60 h after infecting newborn mice with Rotavirus a net fluid secretion was observed and indirect evidence was also obtained for an increased electrolyte secretion.
Most of the studies of electrolyte transport in virusinfected intestinal segments have been performed in vitro with the so-called Ussing chamber technique. The intestinal segment is then almost always stripped of its muscle layer to improve oxygenation of the tissue. Changes in net electrolyte transport are often monitored by recording the potential difference (PD) across the epithelium and/or by electrically short-circuiting the epithelium, measuring short circuit current (SCC). The Ussing chamber technique can also be combined with measurements of unidirectional fluxes of electrolytes.
When performing Ussing chamber experiments on intestines devoid of their muscle layers, the results reported are in some respects different from those recorded in vivo.
In the presence of luminal glucose net sodium uptake is turned into secretion, whereas virus evokes no effect in the absence of glucose [24, [31] [32] [33] . The induced change in sodium transport (glucose present) is in part explained by an attenuated mucosa-to-serosa flux. Surprisingly, the serosa-to-mucosa flux of sodium or chloride ions is larger in the control intestines than in the coronavirus-infected intestines [24, [31] [32] [33] [34] [35] despite the fact that morphological measurements often show that the crypts are larger in infected than in control intestines. In line with this, SCCs in control intestines were often found to be greater than in infected intestines in the face of a lower tissue conductance of the infected intestines [32, 34] . In other studies SCC was similar in infected and non-infected intestinal segments [24, 32, 35, 36] .
One possible explanation for observed differences between in vivo and in vitro experiments reviewed above is that stripping an intestinal segment of its muscle layers markedly alters the functions of the enteric nervous system, as will be discussed later.
Glucose and amino acid transport
Apical symports on villus enterocytes transport sodium ions together with glucose or amino acids. It has been repeatedly reported that the co-transport of glucose and sodium in some way is impaired in intestinal segments exposed to Rotavirus or Coronavirus. In Ussing chamber experiments the increases in PD and SCC upon adding glucose to the mucosal incubation medium were significantly smaller in the infected intestinal segments [32] . Unidirectional measurements of sodium fluxes indicated that this difference in response was mainly explained by a blunted glucose effect on the lumen-to-tissue flux of sodium [32] . In line with this, the glucose effect on intestinal net sodium and water flux, measured in infected piglets in vivo, was absent or considerably smaller than that seen in normal intestines [26] . The influence of the virus infection on glucose transport has also been investigated using the more sophisticated technique of brush border membrane vesicles. Keljo et al. [37] were unable to demonstrate a high-affinity sodium-dependent glucose transporter in virus-infected intestines. In agreement with this, Halaihel et al. [38] showed that the Na-D-glucose symport (SGLT1) was strongly inhibited by Rotavirus. However, it should be pointed out that in vivo experiments show that in the presence of glucose Coronavirus-infected intestines show a net uptake of fluid and sodium.
Another factor of importance for the absorption of glucose and other sugars is the disaccharidases localized to the brush border region of enterocytes. In several reports it has been demonstrated that in viral enteritis the activity of all mucosal disaccharidases studied (sucrase, lactase, maltase) [24, 31, 34, 35, [39] [40] [41] is markedly attenuated. Lowered levels of disaccharidase activity have also been measured in biopsies from patients [23] . Hence, the activity of the enzymes necessary for providing the sodiummonosaccharide symport with monosaccharides is in some way decreased by the virus.
The apical membrane of enterocytes is not only provided with symports for sodium/glucose but also for sodium/amino acids. The response of sodium absorption to L-alanine (20 mM) was significantly blunted in intestinal segments exposed to Coronavirus [33] . This conclusion was further strengthened by studies of sodium transport into brush border vesicles, demonstrating a marked inhibition of Na-L-alanine symport in virus enteritis in piglets (Coronavirus) [42] and young rabbits (Rotavirus) [38] . On the other hand, Rhoads et al. [43] could not record any blunted effects of L-glutamine or L-alanine on sodium transport in Rotavirus-infected pig intestines.
To summarize, virus enteritis in animals caused by Coronavirus or Rotavirus evokes in vivo a net secretion of fluid and an attenuated uptake/secretion of sodium and chloride. Most studies suggest that one mechanism that at least in part may explain the virus-induced attenuation of electrolyte and fluid absorption is an inhibition of the symports for sodium and glucose/amino acids. A lowered activity of the brush border enzymes probably also contributes to a diminished absorptive capacity. Finally, the presence of blunted villi, decreasing the surface area for fluid and solute uptake, may be of importance.
Sodium-potassium ATPase
The transport across the polar epithelium of the gut is to a large extent driven by the electro-chemical gradient across the apical border established by the sodiumpotassium pump situated on the basolateral membrane of the enterocyte. There are many studies that report that the activity of Na, K ATPase is attenuated in virus-infected intestines [34, 35, 38, 40, 42] . This may reflect a true decrease of ATPase activity but may also be explained by the blunting of the intestinal villi reducing the number of enterocytes. Quantitatively, the relative decrease in Na, K ATPase activity is much smaller than observed, for example, in sucrase or lactase [33, 34, 37, 39, 41] .
Epithelial permeability
Another variable of importance for intestinal epithelial transport is epithelial permeability. This parameter has been determined in the intestinal epithelium at various levels of integration after exposing the intestinal mucosa to virus. Cultured immortal intestinal epithelial cell lines represent the most reductionistic level. Three investigations have used Caco-2 cells originally derived from a colonic adenocarcinoma [44] [45] [46] . All authors report that transepithelial electrical resistance decreased after Rotavirus exposure to the apical or basolateral plasma membrane. Molecular probes of various sizes demonstrated that intestinal permeability to molecules with masses ranging from 182 (mannitol) to 70 000 Da (dextran) increased in cultured cells exposed to Rotavirus [45, 46] , reflecting an increased paracellular permeability, possibly caused by a disorganization of tight junction associated proteins claudin, occludin and ZO-1.
Ussing chamber experiments represent the next level of integration when studying epithelial permeability. Keljo et al. [37] and Heyman et al. [47] observed a transient increase in absorption of horse radish peroxidase (HRP; 40 000 Da) on the second day after infection. Electrical tissue conductance has been reported to be increased in Rotavirus-infected intestines [30, 48] , whereas it was consistently reported to be decreased in studies using Coronavirus [31] [32] [33] [34] [35] [36] [37] . The reason for this difference between virus strains is not known.
The results of the investigations of intestinal permeability in vivo, performed on newborn piglets exposed to Coronavirus [49] [50] [51] [52] [53] , vary even within the same research group [49] [50] [51] [52] . The varying results makes it impossible to draw any certain conclusions.
Intestinal permeability has also been investigated in young children with Rotavirus diarrhea using polyethylene glycols (PEGs) of varying molecular masses as probes of intestinal permeability. The PEG absorption was significantly lower during the acute phase of virus enteritis than 3-5 weeks postinfection. This was primarily ascribed to a decreased surface area for absorption, whereas the relationship between the rates of absorption of large and small molecules suggested an increased permeability for the PEGs studied [54] .
To summarize, the permeability studies performed at different levels of integration using Rotavirus clearly suggest that the infection increases paracellular permeability via an effect on tight junctions. To what extent this is true for Coronavirus infection remains to be established. Increased permeability may be critical to the organism since it allows epithelial passage of potentially toxic and inflammatory substances.
Hypotheses
The discussion below regarding the pathophysiological mechanisms underlying the virus-evoked intestinal fluid losses is based on the assumption that in the normal small intestine villi absorb and crypts secrete electrolytes and fluid. There are several observations to support this view. In particular, a hyperosmolar compartment, mainly accounted for by sodium chloride, is present in the lamina propria of the upper third of the villus [55, 56] . This tissue hyperosmolality has been shown to be well maintained after exposing the intestinal mucosa to cholera toxin in the face of an intestinal net fluid secretion [57] . To what extent this holds true in intestinal secretory states caused by virus has never been directly determined. Indirect observations reported by Osborne et al. [22, 58] suggest that it may be the case. They observed that red cells in the upper part of normal and Rotavirus-infected villi were crenated, which they ascribed to the presence of a hyperosmolar compartment.
The pathophysiological mechanisms underlying the fluid losses seen in different types of diarrhea have been debated for decades. The dominating hypothesis up to the 1970s was that most diarrheas, including the infectious ones, were caused by motility disturbances. However, during the last three decades it has become increasingly evident that disturbances in the epithelial transport are often one of the major causes of intestinal fluid loss, although motility may contribute, at least in some types of diarrhea.
The demonstration that cholera toxin evoked an increase in intracellular cAMP concentration represented a major breakthrough at the time [59] . Subsequently, it was shown that increasing the intracellular concentrations of several second messengers such as cAMP, cGMP and calcium ions also caused fluid losses from the intestine. It was believed that the secretory agent interacted with the secreting crypts to evoke a fluid secretion via one of the second messengers mentioned. This view is too simplistic since most luminal secretagogues, including Rotavirus, do not reach the crypts of Lieberkühn [60, 61] . Furthermore, in the case of virus enteritis several studies have failed to demonstrate any intracellular increases in cAMP or cGMP in human or animal enterocytes exposed to virus [25, 39, 41, 62] .
We will now discuss the four hypotheses that have been proposed with regard to virus-evoked intestinal secretion of fluid and electrolytes.
Diminished absorptive capacity of the intestinal epithelium
The experimental evidence for a diminished absorptive capacity of fluid, electrolytes, glucose and amino acids in Rotavirus-infected intestines was reviewed above when describing the morphological and functional effects of the virus. Under the influence of virus the rate of epithelial absorption is no doubt attenuated. However, one may ask the question whether an inhibited uptake of fluid as such may explain the large fluid losses occurring in Rotavirus diarrhea or if secretion has to be stimulated.
Hamilton and coworkers have proposed that the increased secretion may be explained by the secretory epithelium of the crypts 'invading' the villi, creating an imbalance between the absorptive villous and secretory crypt epithelium. In this context it should be pointed out that Hamilton's studies were performed on neonatal pigs using Coronavirus, which may not mimic Rotavirus in all its effects, as pointed out earlier when discussing epithelial permeability. As support for their hypothesis Hamilton and collaborators reported cell biological changes that indicated that the villus cells were more crypt-like in infected intestines. Thus, Hamilton et al. explain the lowered glucose uptake (see above) in infected intestines as an indication of an increased number of crypt-like cells in the intestinal mucosa [39] . Furthermore, as reviewed earlier, enzymatic activity measured in mucosal scrapings of control and virus-infected intestines differs markedly. Whereas mucosal sucrase, lactase and Na, K ATPase activity were found to be higher in controls than in infected intestines, the opposite was true for thymidine kinase [24, 31, 34, 35, 39, 40] . Again, the lowered disaccharidase activity is taken as evidence for the enterocytes being crypt-like. The increased thymidine kinase activity may explain the findings reported by Shepherd et al. [40] that the migration of 3 H-thymidine-labelled epithelial cells along the cryptvillus axis was faster during the acute phase of virus diarrhea than in control animals. Finally, in the Coronavirus-infected intestines, the inhibitory effect of theophylline on mucosa-to-serosa flux of sodium ions could not be demonstrated. All these observations were taken to indicate that the enterocytes of infected animals exhibit the functional characteristics of crypt cells.
The reviewed studies of enzyme activities were performed on mucosal scrapings from control and Coronavirus-infected animals. Collins et al. [63] investigated the distribution of lactase activity with a histochemical technique in Rotavirus-infected mice allowing a more precise cellular localization of the enzyme. In the control situation lactase activity was observed exclusively in the villus cells. This was true also when fluid secretion was most pronounced (72 h postinfection) although lactase activity in the brush border of enterocytes was low. The latter observation argues against the view that crypt cells are populating the villi at the peak of virus diarrhea. Furthermore, a clinical study failed to demonstrate any clear correlation between decreased enzyme activity and histological changes caused by Rotavirus [24] . Also, based on in vitro experiments on Caco-2 cells Jourdan et al. [64] proposed that sucrase-isomaltase activity in Rotavirusinfected cells was specifically and selectively decreased by Rotavirus without any apparent cell destruction, caused by a block of sucrase-isomaltase transport from the trans-Golgi network to the brush border membrane. Finally, Halaihel et al. [38] failed to demonstrate any decrease in the total mass of SGLT1 in the intestinal epithelium of Rotavirus-infected young rabbits, which would have been expected if the enterocytes were crypt-like.
To summarize, the reviewed studies clearly suggest that exposing the enterocytes to Rotavirus and other virus leads to a decreased rate of absorption of water, electrolytes, glucose and amino acids, which at least in part may explain the intestinal secretory response to virus. To what extent this is explained by crypts cells invading the villi remains to be established. The latter mechanism may be more important in Coronavirus than in Rotavirus enteritis.
Rotavirus enterotoxin
One of the non-structural proteins of Rotavirus, NSP4, is a transmembrane, endoplasmatic reticulum-specific glycoprotein. The early studies of this protein demonstrated that NSP4 mimicked some of the cell biological effects of Rotavirus. Hence, NSP4 increases intracellular Ca concentration mainly by mobilizing Ca from the endoplasmic reticulum [65] . It was, furthermore, shown that NSP4 destabilizes plasma membrane permeability to allow leakage of, e.g., lactate dehydrogenase out of the cells [66] .
While making an antiserum against NSP4, Ball et al. [67] noted that giving the protein intraperitoneally induced diarrhea in newborn mice. This observation initiated a series of studies to elucidate if NSP4 might represent a virus enterotoxin. Several observations in mice suggest that a part of NSP4 may function as an enterotoxin. Thus, it was shown that a cleavage product of NSP4 with enterotoxin activity, having an apparent molecular mass of 7 kDa, was secreted into the incubation media of cells infected with the virus. This protein constituted amino acids 112-175 of NSP4 and it induced diarrhea in neonatal mice. Furthermore, like Rotavirus and full-length NSP4, NSP4 112-175 increased intracellular calcium levels when tested in different cell culture systems [68] . Finally, mutating NSP4 demonstrated that the virus' virulence could be markedly attenuated. Deletions and substitutions in the region of amino acids 131 and 140 seemed to be particularly important for virulence, as judged by the ability of mutated NSP4 to influence intracellular calcium concentration in vitro or cause diarrhea in newborn mice [69] .
Subsequently, Estes et al. have also demonstrated other functional similarities between NSP4 114-135 and Rotavirus. Hence, NSP4 114-135 was demonstrated to be a specific inhibitor of SGLT1 [70] , and NSP4 increased paracellular permeability of MDCK cells [71] . Taken together, the functional similarities between NSP4 and Rotavirus strengthen the proposal that NSP4 or a part of it may function as a viral enterotoxin.
One characteristic property of Rotavirus enteritis in mice is its age dependency. In this species Rotavirus fails to produce diarrhea from age 15 days on. In the first report on NSP4 as an enterotoxin Estes and collaborators reported that the secretory effect of NSP4 given intraperitoneally or intraileally was age dependent, evoking a dose-dependent response in young animals (6-9 days old) but no effect in mice 17-18 days old. Similar observations were made with NSP4 residues 114-135 [67] . In another investigation Morris et al. [5] exposed isolated murine colonic crypts to NSP4, recording the intracellular Ca response. It was shown that NSP4 increased Ca concentration in colonic crypt cells regardless of the age of the mice from which the crypts had been taken. It was concluded that age dependency was explained by events distal to the NSP4-elicited Ca mobilization. This conclusion is based on the implicit assumption that the virus enterotoxin directly influences the Ca concentration of the secreting crypt cells.
There are reports in the literature that are not consistent with NSP4 being an important factor in the pathophysiology of Rotavirus diarrhea. It was pointed out by Angel et al. [72] that the amino acid sequence of the 131-140 sequence of NSP4 is hypervariable both in human and murine Rotavirus and that there was no correlation between amino acid sequence and virulence in mice. Similar observations have been made in human studies [73, 74] .
To summarize, the main body of experiments with NSP4 residues 114-135 suggest that it may function as a virus enterotoxin at least in mice. It remains to be established that it is of importance for the virus strains infecting humans.
Nervous mechanisms
The gastrointestinal tract is provided with an extensive nervous system, the enteric nervous system (ENS), which functions rather independently from the central nervous system as suggested by both morphological and functional studies. The morphological evidence for such an independent function is rather straightforward. It has been estimated that the ENS contains some 10 8 neurons in man, a number almost as great as that of the spinal cord [75] . This enormous number of neurons in the gut wall is controlled by 1/300 as many efferent fibers from the central nervous system [76] . The neurons of the ENS can apparently function without much control from the central nervous system.
The ENS is composed of two major nerve plexuses, the myenteric (between the two muscle layers) and the submucosal ones, and of their interconnections. Most of the neurons of the ENS are confined to the gastrointestinal wall, but extrinsic (afferent or efferent) neurons are also found in the ENS. The anatomical arrangement of the neurons of the ENS is, generally speaking, rather simple. Most myenteric neurons send projections to other myenteric nerve cells or to the smooth muscles, while most submucous neurons project to other submucous neurons and the mucosa/submucosa. There is, however, both morphological and functional evidence that the two plexuses are interconnected, myenteric neurons making contact with neurons of the submucous plexus and vice versa.
During the last 30 years an increasing number of polypeptides have been isolated from the gastrointestinal tract and have been characterized biochemically. These peptides have been localized to the ENS and/or to certain epithelial cells of the gastrointestinal mucosa (see e.g., [75] ). The peptides located in nerves have been ascribed a putative neurotransmitter function, implying that the number of transmitters in the ENS is at least 20. Most, if not all neurons contain more than one putative neurotransmitter. Presently, we know little of the functional implications of the colocalization of neurotransmitters in the ENS.
In the early 1980s Cassuto et al. published a series of reports (for a review, see [77] ) in which they showed that fluid secretion evoked by cholera toxin in extrinsically denervated intestines of anesthetized rats or cats could be markedly attenuated by three compounds influencing the functions of the ENS: tetrodotoxin (a blocker of sodium gates in excitable membranes), lidocaine (a local anesthetic) and hexamethonium (a nicotinic cholinergic receptor blocker). In line with this cholera toxin induced secretion was accompanied by an augmented release of vasoactive intestinal polypeptide, a neurotransmitter, into the venous effluent from feline intestinal segments. Taken together these observations strongly suggested that ENS in some way was activated by cholera toxin. This conclusion was further substantiated by Kirchgessener et al. [78] , who monitored the activation of ENS neurons with a histochemical method using an antibody to the fos oncogene product, the expression of which has been shown to be a marker of nervous activity. Exposing the intestinal mucosa to cholera toxin activated neurons in both the myenteric and submucosal plexuses. Finally, cholera toxin could not elicit a secretory response in intestinal segments in which the myenteric plexus had been destroyed by exposing the serosal surface to benzalkonium chloride [79] .
In subsequent investigations a nervous involvement was also demonstrated for several other intestinal secretagogues including bile acid, an invasive strain of Salmonella typhimurium and the enterotoxins produced by Escherichia coli. In fact, all luminal secretagogues tested in our laboratory have been shown to activate ENS in such a way that at least 60% of the fluid secretory response can be explained by a stimulation of the enteric nerves [77] .
The enterotoxins produced by various bacteria have been investigated with regard to their effects on intestinal motility. For example, according to Mathias and Clench [80] cholera toxin induces a particular motility pattern that they named migrating action potential complexes. Functionally this pattern is very efficiently propelling the intestinal contents in an aboral direction. Interestingly, this motility effect of the toxin also seems to be mediated via ENS. Thus, the motility pattern can be attenuated by lidocaine and by nicotinic receptor blockade.
To summarize, bacterial enterotoxins produce an intestinal secretion and a propulsive motility response via an activation of ENS. This response may be regarded as a defense mechanism to potentially harmful mucosal influence, the fluid secreted diluting the noxious stimulus and the increased motility propelling the intestinal contents in an aboral direction. The involvement of ENS may also explain how enterotoxins, which apparently do not reach the intestinal crypts [60, 61] can influence the secretory cells of the crypts.
The experiments briefly summarized above prompted a study to elucidate whether Rotavirus-evoked fluid secretion in mice also was caused, at least in part, via an activation of ENS. To test this, three types of experiments were performed [30] . In Ussing chamber experiments it was demonstrated that tetrodotoxin, lidocaine and mecamylamide (a nicotinic receptor blocker more lipophilic than hexamethonium) in a dose-dependent way attenuated the increased PD observed in intestines exposed to virus. Similarly, in experiments in which the lumen of intact intestinal segments were perfused in an organ bath, tetrodotoxin, lidocaine and hexamethonium significantly lowered the monitored PD and often turned fluid secretion into fluid absorption in virus-infected intestines. Finally, giving lidocaine repeatedly intraperitoneally to awake mice inoculated with Rotavirus significantly prevented the fecal losses of fluid. From the results obtained in vitro it was calculated that at least two thirds of the fluid and electrolyte secretion caused by the virus could be ascribed to an activation of the ENS.
It was pointed out above that experimental evidence existed showing that enterotoxins influenced intestinal motility via the ENS. There are few studies of motility during Rotavirus diarrhea and none of them has investigated the possible involvement of the ENS in the motility response. Molla et al. followed transit time (TT) of charcoal in patients with various types of diarrhea, including those caused by virus. When clinical signs of diarrhea were present, TT was shown to be about one-third to half of that seen 2 weeks after recovery from diarrhea [81] . Burrows and Merritt [82] studied the myoelectrical activity of the jejunum of neonatal pigs before and after inoculating the animals with Coronavirus. When clinical signs of diarrhea were seen the normal motility pattern was disrupted. Hence, a prolonged migrating motility complex was observed as well as an increasing number of activity fronts. It seems likely that this motility pattern led to a shortened transit time, although this was not measured.
To summarize, several observations made during Rotavirus enteritis in neonatal mice suggest that the secretory response is in part explained by an activation of the ENS. The involvement of the ENS may explain how the comparatively few cells at the villus tips infected by the virus can influence the intestinal crypts to augment its secretion of electrolytes and water. The few studies of the effect of Rotavirus enteritis on intestinal motility indicate that intestinal transit time is shortened. The possible involvement of the ENS in this response is not known.
Many details regarding the hypothesis involving the ENS in Rotavirus-induced fluid secretion remain to be elucidated. One major question is how virus can activate enteric nerves. In the case of bacterial enterotoxin-evoked fluid secretion it has been proposed that enterotoxins via their effects on intracellular second messengers induce the release of amines/peptides from the endocrine cells of the intestinal epithelium. To exemplify, several lines of evidence indicate that cholera toxin causes the release of 5-hydroxytryptamine from the enterochromaffin cells [77] . The secreted amines/peptides activate, alone or together, nervous dendrites located just underneath the intestinal epithelium. It seems possible that the proposed Rotavirus enterotoxin NSP4 may function in a similar manner by increasing the intracellular calcium concentration.
Other mechanisms may also explain how Rotavirus activates the ENS. It is now recognized that normal epithelial cells function as 'sensors' for microorganisms. When exposed, for example, to bacteria or virus the cells release a wide range of biologically active compounds such as cytokines, prostaglandins and nitrous oxide [83, 84] . These compounds also participate in the inflammatory response. It is established that receptors located on neurons exist for some of those substances and that they, alone or together, may cause a membrane depolarization of dendrites to induce action potentials [85] . In fact, an activation of enteric neurons by chemokines may explain the fact that Rotavirus only evokes diarrhea in mice younger than 15 days, since it has been demonstrated that chemokines are only released from murine epithelial cells during the first 2 weeks of life [84] .
Deranged intestinal microcirculation
The research group around John Stephen published in the late 1980s a series of studies of various aspects of Rotavirus-induced intestinal secretion in newborn mice. On the basis of these studies they proposed a rather elaborate hypothesis regarding the pathophysiology of virus-induced intestinal secretion. Briefly summarized, the hypothesis infers that the invasion of the villus tip cells by Rotavirus triggers the release of 'neuroactive/hormonal substances' which cause a villus ischemia and subsequent shortening of the villi and, hence, a decreased absorptive capacity. The villus ischemia also leads to an increased rate of cell division, expanding the proliferative zone. In this zone, cells with a hypertonic intracellular compartment are present. When extruding their excess ions they create the osmotic force for fluid secretion [86, 87] .
Villous ischemia plays a very important role in Stephen's hypothesis. However, there are no quantitative measurements of intestinal blood flow during Rotavirus-induced enteritis. Osborne et al. [22] made attempts to estimate villus blood flow in a qualitative manner using a morphological technique. The method involved the study of red cell distribution in villi by staining the cells with a peroxidase histochemical method. The number of red cells was assumed to reflect blood flow, although red cell content by definition reflects red cell volume rather than red cell flow. A time course study suggested that the villi were ischemic (fewer red cells seen) 24-48 h after exposing the mice to virus. Concomitantly, villi exhibited a reduced length (about 60% of control). The microcirculation showed varying degrees of recovery 72 and 96 h after infecting the animals. Fluid and electrolyte transport in the same experimental model was reported in another study [29] . It demonstrated that fluid and electrolyte secretion was apparent only at 72 h after virus inoculation when the intestine seemed to be perfused a normal rate of blood flow.
It should be underlined that Osborne et al. [22] do not report any morphological observations indicating a villous ischemia apart from the red cell content in the villi. The characteristic sign of ischemia in villi is the detachment of Figure 1 . A speculative hypothesis for Rotavirus-induced diarrhea. Panel A. Cellular events leading to diarrhea. Rotavirus and/or its enterotoxin NSP4 inhibits fluid and electrolyte transport of the villus epithelium by attenuating the Na-glucose symport SGLT1 and possibly also Na-amino acid symports (not shown). Concomitantly, disaccharidase activity is inhibited. It is possible that the Na, K pump in the basolateral membrane is also attenuated, although quantitatively this effect is much less pronounced than for the disaccharidases. Taken together, these events will lower the rates of fluid, electrolyte and glucose absorption. The paracellular epithelial permeability is increased by Rotavirus and NSP4. The importance of this effect for epithelial transport is difficult to judge. Intracellular calcium concentration is increased in the intestinal epithelium in response to virus/NSP4. This may evoke the release of amines/peptides from intestinal endocrine cells (middle cell). Furthermore, cytokines, prostaglandins and NO are known to be released from the enterocytes in response to microorganisms. All these biologically active compounds may, alone or together, activate neuronal dendrites located just underneath the intestinal epithelium and hence stimulate secretory reflexes in the ENS. For a more detailed account of the intracellular mechanisms leading to an increased calcium concentration, the reader is referred to reference [14] . Panel B. Integrative events leading to diarrhea. NSP4 may diffuse into the crypts to directly influence the intestinal secretory epithelium, possibly via the NSP4 effect on intracellular calcium. Furthermore, Rotavirus and/or NSP4 may activate secretory reflexes in the ENS in the way depicted in panel A. Inflammatory mediators, if present, may also stimulate nervous reflexes. The nervous reflex shown in the figure represents the simplest model that can be constructed from the observations made with cholera toxin. No pharmacological analysis has been made of the nervous reflex activated by Rotavirus. Minus sign indicates an attenuation; plus sign an increase. Shaded cells in panel B depict endocrine cells.
the villus tip cells from the basement membrane [88, 89] . None of the histological sections published by Osborne et al. exhibit this cardinal sign. The low number of red cells in some sections may reflect the fact that intestinal mucosal blood flow exhibits vasomotion ( [90] ; Lundgren, unpublished observations), i.e. blood flow in one and the same villus oscillates and may sometimes be very low. Moreover, Stephen [86] reports that mucosal ATP concentrations remained rather constant throughout the infection, which argues against a situation of decreased oxygen delivery. Stephen et al. propose that ischemia may be mediated by nerves. However, there are no reports to suggest that there exist any intramural vasoconstrictor nerve fibers in the gut. The known vasoconstrictor fibers are all extrinsic. Finally, in one review article Stephen and Osborne [87] propose that a decreased intestinal blood flow is of great importance also for the pathophysiology of cholera toxin-evoked intestinal secretion. In the case of cholera, intestinal mucosal blood flow has been studied with a quantitative method. It was shown that mucosal blood flow was doubled after exposing the intestinal mucosa to the toxin [91] .
In another study from the same laboratory Spencer et al. [92] investigated the intracellular concentrations of electrolytes in enterocytes of villi and crypts using the sophisticated microprobe technique. After exposing the intestine to virus, the most pronounced changes were apparent in the cells at the villus base, where both sodium and chloride concentrations were significantly increased in infected intestines. The authors propose that these changes are caused by villus ischemia and/or nervously mediated. Furthermore, the intracellular ion hyperosmolarity produces the forces for secretion of electrolytes and fluid. However, the authors do not provide any experimental evidence for these suggestions.
The elaborate hypothesis proposed by Stephen et al., part of which is summarized above, has been described in detail in two review articles [86, 87] to which the reader is referred. Several steps in Stephen's hypothesis remain to be experimentally verified and the proposals can at present only be considered to be tentative.
Speculative hypothesis for Rotavirus-induced diarrhea
It is likely that the fluid and electrolyte secretion caused by Rotavirus is not explained by one single mechanism (figure 1). The experimental evidence for a decreased rate of absorption of electrolytes and glucose/amino acids is convincing and may reflect both an attenuated absorptive area (possibly more pronounced in Coronavirus than in Rotavirus infection) and a decreased transport capacity of epithelial cell symports. Furthermore, the enzymatic activity in the brush border region is markedly decreased, indirectly lowering the rate of transport of the symports for glucose and amino acids. It is more difficult to evaluate the importance of the Rotavirus-evoked increase in tissue conductance (most likely reflecting an augmented paracellular permeability) for the transport of fluid and electrolytes. The conductance increase may partly dissipate the hyperosmo-lar compartment in the upper parts of villi, lowering the osmotic forces moving water across the epithelial layer.
The magnitude of Rotavirus-evoked fluid secretion is such that it is probably not explained solely by a decreased fluid and electrolyte absorption. Secretory mechanism(s) are also at work. The question then arises how fluid secretion, mainly produced in the intestinal crypts, is stimulated. The Rotavirus enterotoxin, NSP4, is one possible candidate. However, it remains to be demonstrated that NSP4 reaches the intestinal crypts. It seems less likely that this occurs via the luminal route in vivo since a 'physiological' secretion from the crypts produces a convective flow against which the toxin molecule has to diffuse.
Stimulation of the ENS is another way in which a luminal 'noxious' agent may influence the crypts. The mechanisms underlying the stimulation of the ENS are unknown. NSP4 may indirectly participate in the stimulation of ENS by causing the release of amines/peptides from villous endocrine cells via the effect of NSP4 on intracellular calcium. This, in turn, may activate ENS in a way similar to that demonstrated for cholera toxin. There are also many other biologically active molecules produced by epithelial cells and/or immunological cells that may participate in activating secretory reflexes in the ENS. The possible involvement of motility in Rotavirus diarrhea remains to be established.
